Ectodomain shedding is a proteolytic mechanism by which transmembrane molecules are converted into a soluble form. Cleavage is mediated by metalloproteases and proceeds in a constitutive or inducible fashion. Although believed to be a cell-surface event, there is increasing evidence that cleavage can take place in intracellular compartments. However, it is unknown how cleaved soluble molecules get access to the extracellular space. By analysing L1 (CD171) and CD44 in ovarian carcinoma cells, we show in the present paper that the cleavage induced by ionomycin, APMA (4-aminophenylmercuric acetate) or MCD (methyl-β-cyclodextrin) is initiated in an endosomal compartment that is subsequently released in the form of exosomes. Calcium influx augmented the release of exosomes containing functionally active forms of ADAM10 (a disintegrin and metalloprotease 10) and ADAM17 [TACE (tumour necrosis factor α-converting enzyme)] as well as CD44 and L1 cytoplasmic cleavage fragments. Cleavage could also proceed in released exosomes, but only depletion of ADAM10 by small interfering RNA blocked cleavage under constitutive and induced conditions. In contrast, cleavage of L1 in response to PMA occurred at the cell surface and was mediated by ADAM17. We conclude that different ADAMs are involved in distinct cellular compartments and that ADAM10 is responsible for shedding in vesicles. Our findings open up the possibility that exosomes serve as a platform for ectodomain shedding and as a vehicle for the cellular export of soluble molecules.
INTRODUCTION
Ectodomain shedding is a proteolytic mechanism by which transmembrane molecules are converted into a soluble form [1] [2] [3] [4] . This process plays an essential role in many cellular processes and allows the cell to rapidly adapt the surface phenotype and generate soluble mediators that can act on other cells. Shed proteins are diverse in structure and function and comprise molecules such as TNFα (tumour necrosis factor α), Fas ligand, IL-6 (interleukin-6) receptor, L-selectin, TGFα (transforming growth factor α), APP (amyloid precursor protein) and CD44. The ADAM (a disintegrin and metalloprotease) family of metalloproteases plays a pivotal role in ectodomain shedding [1] [2] [3] [4] . Cleavage proceeds in a constitutive fashion but can be augmented by a variety of stimuli such as PMA [5] [6] [7] , pervanadate [8] , APMA (4-aminophenylmercuric acetate) [9] [10] [11] , MCD (methyl-β-cyclodextrin) [12] [13] [14] [15] , calmodulin inhibitors [16] [17] [18] and substances that induce calcium influx [11, 17, 19] . It is unclear whether such diverse stimuli activate common or distinct pathways of shedding. A recent study on CD44 cleavage has shown that PMAinduced cleavage acts via ADAM17 [TACE (TNFα-converting enzyme)], whereas calcium influx-induced cleavage is mediated by ADAM10 [17] . Although initially believed to be a cell-surface event, there is increasing evidence that ectodomain cleavage also can take place in intracellular compartments [13, 20] . However, the mechanism by which cleaved/soluble forms of the molecules are released into the extracellular space is unclear.
Exosomes are membrane vesicles that are released from a variety of different cell types including tumour cells, red blood cells, platelets, lymphocytes and dendritic cells [21, 22] . Exosomes are formed by invagination and budding from the limiting membrane of late endosomes [23] . They accumulate in cytosolic MVBs (multivesicular bodies) from where they are released by fusion with the plasma membrane [23] . The process of vesicle release is particularly active in proliferating cells, such as cancer cells, where the release can occur continuously [24] . Exosomes can recruit various cytosolic and plasma membrane proteins including MHC molecules, tetraspanins, adhesion molecules and metalloproteases [21, 22] . It has been proposed that exosomes released from tumour cells, due to their enrichment in proteolytic and adhesive activity, could promote cellular invasion and migration during metastasis [24, 25] .
The adhesion molecule L1 plays a crucial role in axon guidance and cell migration in the nervous system [26] [27] [28] and promotes motility and growth of human carcinoma cells [29] [30] [31] . Although a type I transmembrane molecule, L1 can undergo ectodomain shedding to release a soluble form into the extracellular space [8, 13, 29] . Soluble L1 stimulates cell migration [29] and is significantly increased in the serum and ascites of ovarian carcinoma patients [32, 33] . Elevated levels of other shed molecules such as ErbB2 (HER2 or Neu) [34, 35] and CD44 [36] have also been detected in ascites. For L1, we have reported that constitutive shedding involves the metalloprotease ADAM10 [29, 33] and that cleavage occurs at the cell surface or in membrane vesicles released from tumour cells [13, 33] . Membrane vesicles containing L1 cleavage fragments and ADAM10 could be isolated from media conditioned by carcinoma cell lines and ascites from ovarian carcinoma patients [33] . However, a direct link between ADAM10 cleavage of L1 in exosomes and the cleavage of other molecules is yet to be established.
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In the present paper, we have more closely analysed the role of exosomes in ectodomain shedding. We demonstrate that ADAM10 and ADAM17 are present in exosomes from ovarian carcinoma cells and ascites fluid and are functionally active. We show that in addition to L1, CD44 is also cleaved in exosomes. We observed that stimuli including ionomycin, APMA and MCD, but not PMA, activated the release of exosomes and the cleavage of L1 and CD44 by ADAM10. Our findings open up the possibility that exosomes serve as a major platform for ectodomain shedding and as a vehicle for the export of soluble molecules.
EXPERIMENTAL

Cells
The ovarian carcinoma cell lines OVMz and SKOV3ip have been described previously [29, 33] . Cells were cultivated in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) foetal bovine serum, 100 units/ml penicillin/100 µg/ml streptomycin and 10 mM glutamine at 37
• C, 5 % CO 2 and 100 % humidity.
Chemicals and antibodies
Antibodies specific for the ectodomain [L1-11A, subclone of mAb (monoclonal antibody) UJ 127.11] or cytoplasmic domain (pcytL1) of human L1 have been described [29] . mAb IM-7 to the ectodomain of CD44 was a gift from Dr Margot Zoeller of the German Cancer Research Center. The antibody to the cytoplasmic region of CD44 (pcytCD44 or CT1) was a gift from Dr Claire Isacke (Institute of Cancer Research, London, U.K.). The antibody to the C-terminus of ADAM10 (serum no. 71) was prepared in our laboratory [13] and the antibody to the C-terminus of ADAM17 was obtained from Chemikon (Hofheim, Germany). The mAb to the ADAM10 ectodomain (mAb 11G2) will be described in a separate publication (E. Rubinstein, unpublished work). This mAb reacts in Western blot with a human ADAM10-Fc fusion protein but does not recognize a human ADAM17-Fc (Y. Issa and P. Altevogt, unpublished work). The mAb to the ectodomain of ADAM17 (mAb 34/4D) was a gift from Dr Martin Humphries (Faculty of Life Sciences, Manchester, U.K.). A second mAb to the ectodomain of ADAM17 (mAb 9301) was from R&D Systems (Wiesbaden, Germany). The mAb to annexin I was from BD Transduction (Heidelberg, Germany) and the mAb to CD9 was described in [33] . APMA, PMA and EGTA were obtained from Sigma (Taufkirchen, Germany). Ionomycin-calcium salt was from Calbiochem (Bad Soden, Germany) and the metalloprotease inhibitor TAPI-0 was from Peptides International (Louisville, KY, U.S.A.). Triton X-100 and BOG (β-octylglucopyranoside) were from Gerbu (Gaiberg, Germany) and MCD was from Fluka (Buchs, Switzerland). Membrane-impermeable, thiol-cleavable EZ-link-NHS-SS-biotin (where NHS stands for N-hydroxysuccinimido) was obtained from Pierce (Perbio Science, Germany).
siRNA (small interfering RNA) transfection ADAM10 (5 -AGACAUUAUGAAGGAUUAUTT-3 ) and ADAM17 (5 -GAGAAGCUUGAUUCUUGCTT-3 ) siRNAs were synthesized by MWG-Biotech (Ebersberg, Germany). Cells were transfected with annealed siRNAs using Oligofectamine (Life Technologies) and analysed 72 h later.
Isolation of membrane vesicles
Cells were cultivated overnight in a serum-free medium and then treated with or without ionomycin (1 µM), APMA (50 µM), MCD (10 mM) or PMA (50 ng/ml) for the indicated length of time. Tissue culture supernatants were collected and centrifuged for 10 min at 300 g and for 20 min at 10 000 g to remove cellular debris. Membrane vesicles were collected by centrifugation at 100 000 g for 2 h at 4
• C using a Beckman SW40 rotor. Vesicles were directly dissolved in SDS-sample buffer [30 % sucrose, 80 mM Tris/HCl (pH 8.8), 3 % SDS and 0.01 mg/ml Bromphenol Blue] or processed further for gradient centrifugation (see below).
Sucrose-density-gradient fractionation
Vesicles resuspended in 0.25 M sucrose were loaded on to the top of a step gradient comprising layers of 2, 1.3, 1.16, 0.8, 0.5 and 0.25 M sucrose as described in [13, 33] . The gradient was previously calibrated for the floating of marker proteins for distinct cellular membranes [13, 33] . The gradients were centrifuged at 100 000 g for 2.5 h using a Beckman SW40 rotor. Twelve 1 ml fractions were collected from the top of the gradient and precipitated with chloroform/methanol (1:4, v/v). Samples were analysed by SDS/PAGE and Western blotting as described below.
Cell lysis and immunoprecipitation
Cells were detached from tissue flask ware by treatment with PBS/5 mM EDTA. Cell pellets or isolated vesicles were lysed in lysis buffer (20 mM Tris/HCl, pH 8.0, containing 50 mM BOG, 10 mM NaF, 10 mM orthovanadate, 1 mM PMSF and 1 µg/ml each of leupeptin, aprotinin and pepstatin). Lysates were cleared by centrifugation and either mixed with reducing SDS-sample buffer or used for immunoprecipitation. For immunoprecipitation, antibodies were preincubated with Protein G-Sepharose (Amersham Biosciences, Freiburg, Germany) for 60 min followed by washing with PBS. The precoated beads were then incubated with lysates for 60 min, washed three times with the lysis buffer and boiled with SDS-sample buffer for direct gel analysis. Alternatively, beads were suspended in cleavage buffer [50 mM Tris/HCl, pH 7.4, containing 2 mM CaCl 2 and 0.1 % (w/v) Triton X-100] and used in peptide cleavage assays. Immunoprecipitation of soluble L1 from conditioned medium was performed using L1-11A coupled with Sepharose as described previously [13] .
Peptide cleavage assay
ADAM10 and ADAM17 immunoprecipitates in 90 µl were incubated with 10 µl (final concentration 50 mM) of the fluorescent quenching peptide Abz-Leu-Ala-Gln-Ala-Val-Arg-SerSer-Ser-Arg-Dap(Dnp)-NH 2 [where Abz is 2-aminobenzoyl and Dnp is (2,4-dinitrophenyl)-L-2,3-diaminopropionyl]; Peptide International, Louisville, KY, U.S.A.). Cleavage was followed in a fluorescent plate reader (Fluoroskan Ascent FL Thermo-Electron Corp.) using filters for excitation at 320 nm and emission at 405 nm. Where indicated, the metalloprotease inhibitor TAPI-0 was used at a final concentration of 10 µM.
FACS analysis
The staining of cells with mAbs and PE (phycoerythrin)-conjugated secondary antibodies has been described in [13, 29] . Stained cells were analysed using a FACScan instrument and Cellquest software (Becton and Dickinson, Heidelberg, Germany). FACS analysis of vesicles was performed after adsorbtion of isolated vesicles on 4 µm (surfactant-free) aldehyde-sulphate latex beads (Interfacial Dynamics Corp., Portland, OR, U.S.A.) as described in [37] .
Biochemical analysis
Cell-surface biotinylation was performed by the method of Warner et al. [38] . SDS/PAGE under reducing conditions and transfer of The indicated ovarian carcinoma cell lines were analysed by cytofluorographic analysis using mAbs to the indicated antigens followed by PE-conjugated secondary antibody to mouse IgG. (B) Membrane vesicles isolated from a medium conditioned by OVMz cells (cultivated under serum-free conditions) were adsorbed on latex beads and stained as described above. (C) Sucrose-density-gradient centrifugation of membrane vesicles. Gradient fractions were boiled with SDS-sample buffer and analysed by Western blotting (WB) with antibodies to exosomal marker proteins CD9 and annexin I, the metalloproteases ADAM10 and ADAM17, and L1 (pcytL1) and CD44 (pcytCD44) cleavage fragments. Separation of exosomes or membrane blebs based on sucrose density flotation was performed as described in [33] . Results are from one representative experiment of three performed. Note that L1-220 is often weakly detectable due to rapid cleavage. Molecular masses of each molecule are as follows: CD44cyt: multiple bands at 15-25 kDa; full-length CD44: approx. 97 kDa; mature ADAM10: 66 kDa; mature ADAM17: 95 kDa; cleaved ADAM17: 80 kDa; annexin I: 38 kDa; CD9: 20 kDa. (D) EZ-link-NHS-SS-biotin cell surface labelled OVMz cells were cultivated for 90 min in complete medium at 37 • C. Cells were then treated with glutathione at 4 • C to remove the non-internalized biotin label and were further cultivated overnight. Exosome release was induced by treatment with ionomycin-calcium salt (1 µM; for 1 h at 37 • C) and exosomes were collected by ultracentrifugation. Cells and exosomes were lysed in BOG lysis buffer and the lysates was adsorbed on streptavidin-agarose to isolate biotinylated proteins. After washing, the bound material was eluted by boiling with SDS-sample buffer. Blots were probed with the indicated antibodies to detect biotinylated L1 and CD44.
proteins on to Immobilon membranes using semi-dry blotting has been described previously [8, 13] . After blocking with 5 % (w/v) non-fat milk in TBS (Tris-buffered saline), blots were developed with the respective primary antibody followed by peroxidase-conjugated secondary antibody and ECL ® detection. Densitometric analysis of band intensities was performed using the TINA software (Raytest, Straubenhardt, Germany).
RESULTS
Characterization of carcinoma-released microvesicles
We examined the expression of CD44, L1 and the metalloproteases ADAM10 and ADAM17 (TACE) in the ovarian carcinoma cell lines OVMz and SKOV3ip. All four molecules were expressed at the cell surface ( Figure 1A ). Both cell lines also released membrane vesicles into the medium that could be isolated by ultracentrifugation.
We next investigated whether these isolated vesicles were exosomes. Exosomes are released from cells by fusion of MVBs with the plasma membrane and have an orientation of antigens facing outside [21] [22] [23] . To determine the orientation of antigens, we immobilized vesicles from OVMz cells on to latex beads and carried out FACS analysis. Consistent with the profile of exosomes, the isolated vesicles were readily stained with antibodies to the ectodomains of L1, CD44, ADAM10 and ADAM17 ( Figure 1B) .
We carried out sucrose density centrifugation, in combination with Western-blot analysis for exosomal markers, to further characterize the released membrane vesicles. Fractions in the middle of the gradient were positive for the exosome markers CD9 and annexin I ( Figure 1C ) and the cytoskeletal proteins moesin and Hsp70 (heat-shock protein 70; results not shown) [21] . Western-blot analysis using antibodies to ADAM10 and ADAM17 demonstrated that both proteases co-localized in these exosomal fractions ( Figure 1C) . ADAM10 was present exclusively in the mature form. ADAM17 was detected in the mature form but smaller fragments most probably generated by proteolysis were also detected. Previous studies have shown that ADAM17 can undergo proteolysis after stimulation of cells [5] or under cell-lysis conditions [39, 40] .
Antibodies to the cytoplasmic domains of L1 and CD44 detected the full-length form and the cytoplasmic cleavage fragments ( Figure 1C ). In the case of CD44, multiple cytoplasmic cleavage fragments were detectable consistent with previous reports [17, 41] . Western-blot analysis with pcytL1 detected the full-length L1-220 form and the major cleavage fragment (L1-32), all within the exosomal fractions ( Figure 1C ). These results indicate that full-length and ectodomain-processed forms of both CD44 and L1 and the relevant proteases implicated in ectodomain shedding are present in exosomes.
We assessed whether L1 and CD44 in exosomes were derived from the cell surface. Cell-surface proteins were coupled with the membrane-impermeable covalent linker EZ-link-NHS-SSbiotin and then returned to complete tissue culture medium to induce internalization. After 90 min at 37
• C, the remaining biotin label was cleaved from the proteins by the reducing agent, glutathione, at 4
• C as described in [38] . The cells were then cultivated overnight and the released exosomes were analysed for the content of biotinylated L1 and CD44. As shown in Figure 1(D) , biotinylated forms of both molecules were indeed detected in exosomes. These findings suggest that the exosomal content is, at least in part, derived from the cell surface after endocytosis.
Ionomycin-mediated cleavage and exosome release
A recent study showed that the release of exosomes in K562 cells is augmented by substances that increase intracellular calcium levels [42] . Importantly, it has also been shown that ionophoreinduced calcium influx can enhance the ADAM10-mediated ectodomain shedding of CD44 as well as other molecules [11, 17] . Given the role of calcium influx in exosome release, we reasoned that ionomycin might activate vesicle-based proteases and augment the release of exosomes.
To test this, we stimulated SKOV3ip cells with ionomycin for various lengths of time in the presence or absence of the Ca 2+ chelator EGTA. The onset of cleavage was analysed by sucrosedensity-gradient centrifugation of cell homogenates. This fractionation allows the analysis of cleavage in distinct subcellular membranes [13] . L1 can be cleaved in the ectodomain by several proteases and the cleavage fragments generated have been described previously [13, 29] . As shown in Figure 2 (A), ionomycin led to a clear induction of the L1-32 cleavage fragment. Cleavage was mostly confined to the endosome/Golgi fractions of the gradient and could be blocked by EGTA. Although fulllength L1 was present in the plasma membrane fractions of the gradient, there was little L1-32 cleavage induced. In contrast, L1-85 cleavage that can be generated by plasmin and the proprotein convertase PC5A [18] was significantly enhanced. This observation suggested that L1-32 cleavage in ovarian carcinoma cells occurred mostly within the cells and not at the plasma membrane (see below).
We noticed a loss of L1-32 signal intensity upon prolonged ionomycin treatment ( 60 min; see Figure 2A ). This suggested that cleavage fragments may be released from the cells. Therefore we examined the supernatant of treated cells for levels of exosomes using sucrose gradients as described above. Indeed, following ionomycin exposure, medium conditioned by SKOV3ip cells had increased amounts of exosomes containing the L1-32 cleavage fragment ( Figure 2B ). The buoyant density of vesicles was similar to the endosome/Golgi-containing fractions of the cell homogenate gradients ( Figure 2B) . Importantly, the effect of ionomycin on exosome release and L1 cleavage was largely prevented in the presence of the Ca 2+ chelator EGTA, suggesting a crucial role for calcium influx ( Figure 2B ).
Cleavage of CD44 and L1 in exosomes proceeds after release
To further investigate whether cleavage was initiated in an intracellular compartment that subsequently was released from cells in exosomes, we carried out a time-course analysis. Prolonged treatment showed an increase in levels of CD44 and L1 cleavage fragments in exosomes ( Figure 2C) .
We also examined whether CD44 and L1 cleavage could continue after exosome release. Exosomes were isolated from supernatants of ionomycin-treated cells that were cultivated in the absence or presence of the metalloprotease inhibitor TAPI-0. Exosomes were further incubated at 37
• C and analysed at various time points for cleavage fragments. As indicated by the progressive appearance of L1-32 and CD44cyt, cleavage could proceed in isolated exosomes in a time-dependent fashion ( Figure 2D ).
Effects of other shedding inducers on exosome release
We tested various other compounds known as inducers of ectodomain shedding such as the protein kinase C activator PMA, the cholesterol-extracting agent MCD and the metalloprotease activator APMA. As shown in Figure 3(A) , sucrose-density-gradient centrifugation of cell homogenates revealed induction of L1 cleavage by all compounds as measured by the appearance of the L1-32 cleavage fragment. Again, cleavage was mostly confined to the endosome/Golgi fractions of the gradient.
We examined the vesicle content of conditioned medium for the presence of L1 and CD44 cleavage fragments. Cleavage fragments of L1 and CD44 were clearly enhanced in released vesicles after ionomycin, MCD and APMA treatment ( Figure 3B) . Importantly, the vesicles released in response to ionomycin, APMA and MCD were identified as exosomes, as indicated by the presence of CD9 ( Figure 3B ). PMA treatment did not result in the release of cleavage fragments in exosomes although induction of cleavage in intracellular compartments was observed (see Figure 3A) . PMA treatment was also without effect on the rate of exosome release from cells as indicated by Western-blot analysis of CD9 levels ( Figure 3B ). These findings suggested that PMA-induced ectodomain shedding of L1 and CD44 is distinct from that activated in response to ionomycin, APMA and MCD (see below).
ADAM10 and ADAM17 in exosomes are proteolytically active
In order to more closely define the protease involved in exosomal cleavage of L1 and CD44, we analysed whether ADAM10 and ADAM17 were active. As both metalloproteases have been reported to cleave a TNFα peptide [43] , we established a new peptide cleavage assay using immunoprecipitated enzymes. As shown in Figures 4(A) and 4(B) , ADAM10 and ADAM17 were efficiently purified from cell lysates of SKOV3ip and OVMz cells and were able to cleave the TNFα peptide in a time-dependent fashion. Cleavage was inhibited in the presence of TAPI-0. A similar analysis was carried out for ADAM10 and ADAM17 from exosomes. As shown in Figures 4(C) and 4(D), immunaffinitypurified ADAM10 and ADAM17 isolated from BOG-solubilized exosomes were also functional in peptide cleavage assays and were again inhibited by TAPI-0. 
ADAM10-mediated cleavage of L1 and CD44 in exosomes
We used siRNA-mediated depletion of ADAM10 and ADAM17 to further investigate the role of each metalloprotease in exosomal cleavage of L1 and CD44. Transfection of OVMz cells with siRNAs led to down-regulation of the respective protease at the cell surface as detected by FACS analysis ( Figure 5A ) and in released exosomes as detected by Western blotting ( Figure 5B ). Cleavage of CD44 was completely blocked in ADAM10-depleted cells and an approx. 60 % reduction was seen with ADAM17 depletion ( Figure 5C ). L1 cleavage was only inhibited following ADAM10 depletion.
We also addressed the role of ADAM10 and ADAM17 in the induced ectodomain cleavage in exosomes. siRNA-transfected cells were treated with MCD or ionomcyin for 2 h and the released exosomes were analysed. Densitometric analysis of L1-32 band intensities in exosomes showed that ADAM10 was the dominant protease responsible for L1 and CD44 cleavage following MCD or ionomycin treatment ( Figure 5D ). Together, these results suggest that ADAM10 is the primary mediator of ectodomain cleavage in exosomes.
L1 cleavage at the cell surface
Our results so far suggested that PMA-and ionomycin-induced shedding might work via different mechanisms. We compared the amounts of soluble L1 released in response to PMA or ionomycin treatment. As shown in Figure 6 (A), PMA induced the release of significant amounts of soluble L1 from OVMz cells, whereas SKOV3ip cells showed less induction of release. All The indicated cells were cell surface-biotinylated after PMA treatment (50 ng/ml) for 1 h at 37 • C or without treatment. Cells were lysed and then half of the lysate was adsorbed on streptavidin-agarose to isolate biotinylated proteins. The second half served as positive control. After washing, the bound material was eluted by boiling with SDS-sample buffer. Blots were probed with pcytL1 to detect the biotinylated L1-32 cleavage product. (C) Effect of specific metalloprotease inhibitors GW280264X (equally specific for ADAM17 and ADAM10) and GI254023X (100-fold more specific for ADAM10) on the cleavage of L1 in OVMz cells using PMA and ionomycin stimulation. Conditioned medium was analysed for soluble L1 using an L1-specific ELISA as previously described [29] . Results are from one representative experiment of at least three performed. ctr, control. cells responded to ionomycin although the amount of soluble L1 released was lower. As expected, the cleavage induced by PMA and ionomycin was blocked by TAPI-0.
It has been reported that ADAM17 is responsible for the PMAinduced cleavage of CD44 at the cell surface [17] . Since FACS staining results (see Figure 1A ) and cell-surface biotinylation experiments (results not shown) detected cell-surface localization of ADAM10 and ADAM17, we examined whether cleavage was indeed taking place at the plasma membrane. We took advantage of the fact that the membrane-retained L1-32 cleavage fragment can be biotinylated at the cell surface. As shown in Figure 6(B) , biotinylation experiments detected L1-32 at the surface of OVMz but not SKOV3ip cells following treatment with PMA for 2 h. Non-biotinylated L1-32 was clearly detected in all cells.
To analyse whether PMA or ionomycin used different ADAMs for cleavage, we used specific inhibitors of ADAM10 and ADAM17. The compound GW280264X blocks both ADAM10 and ADAM17 with comparable IC 50 values, whereas compound GI254023X has 100-fold higher specificity towards ADAM10 [44] . As shown in Figure 6 (C), we observed significantly higher inhibition with GW280264X upon PMA treatment of OVMz cells. In contrast, both inhibitors worked about equally well under ionomycin induction of L1 cleavage. These results suggest that PMAinduced L1 shedding in OVMz cells is ADAM17-dependent. The shedding process becomes ADAM10-dependent and occurs in exosomes when cells are treated with ionomycin.
DISCUSSION
An important role for exosomes in normal and malignant cellcell communication is increasingly recognized. Soluble forms of a variety of molecules such as TNFR1 (TNF receptor 1), IL-1β and FGF-2 (fibroblast growth factor-2) can be released from cells within vesicles [45] [46] [47] . In the case of TNFR1, the full-length transmembrane molecule is released in exosome-like vesicles and this serves as a mechanism for the generation of a soluble form of this cytokine receptor [45] . In addition, the ability of exosomes to mediate MHC class I-and class II-restricted Tcell stimulatory activity suggests that they may have a potential application in immunotherapy [22, 48] . In the present paper, we demonstrate that exosomes represent a novel platform for cellular export of cleaved L1 and CD44. This conclusion is based on the findings that (i) both L1 and CD44 are detectable in exosomes released from carcinoma cells, (ii) the metalloproteases ADAM10 and ADAM17 implicated in shedding are present in an active form in exosomes, (iii) siRNA specific for ADAM10 but not ADAM17 blocked cleavage in exosomes and (iv) the cytoplasmic cleavage products of CD44 and L1 accumulate in exosomes in response to shedding inducers such as ionomycin, APMA and MCD. We suggest that the export of cleaved proteins via exosomes could be an additional pathway for the release of transmembrane molecules.
We observed that ionomycin, APMA and MCD initiated cleavage within an intracellular compartment with a profile consistent with endosome/Golgi-derived membranes. At the same time, these treatments augmented the release of vesicles. This suggested a link between ectodomain cleavage and exosome release. Pharmacological agents such as calcium ionophores (e.g. ionomycin and A23187), APMA and MCD have previously been shown to induce ectodomain shedding of a variety of transmembrane molecules and, consistent with our findings, in some cases this has been shown to involve ADAM10 [9] [10] [11] [12] 14, 15] . However, a particular role for ectodomain shedding within vesicles has not been previously investigated. Exosomal proteins are believed to be derived from early endocytic vesicles [23] . Such vesicles can fuse with the outer membrane of MVBs, which requires interaction with several factors such as ESCRT-I (endosomal sorting complex required for transport I)-ESCRT-III, VPS4 (vacuolar protein sorting) and ALIX (ALG-2 interacting protein X) [23] . Calcium influx can activate the docking and fusion of vesicles in a Rab-11-dependent fashion [49] . Exosomes are then formed by inward budding from the limiting membrane of MVBs and are released into the extracellular space by fusion of MVBs with the plasma membrane [23] . Our previous studies have shown that in addition to lowering cellular cholesterol, MCD and the HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) reductase inhibitor lovastatin caused enhanced membrane vesicle release and L1 cleavage [13] . In the present study, we extend these findings to CD44 and demonstrate that ionomycin, APMA and MCD act via a common pathway involving cleavage and release of these proteins in exosomes.
Our studies identified functionally active ADAM10 and ADAM17 in exosomes from ovarian carcinoma cells (the present study) and importantly in vivo within ascites fluid ( [33] ; S. Keller, unpublished work). ADAM10 was the predominant protease responsible for L1 and CD44 cleavage in exosomes from OVMz and SKOV3ip carcinoma cells. This was not due to an absence of active ADAM17, as identified by the functional activity of this enzyme in peptide cleavage assays. It is also unlikely that the dominant activity of ADAM10 is due to substrate specificity for L1 and CD44, since CD44 can be cleaved by ADAM17 [17] and additional metalloproteases such as MT1-MMP (membrane type-1 matrix metalloprotease) [41] , whilst L1 can be cleaved by ADAM17 in CHO-hL1 cells [CHO (Chinese-hamster ovary) cells stably transfected with human L1] (S. Riedle, unpublished work) and OVMz cells (see below). It is possible that the unique preference for ADAM10 over ADAM17 in exosomal cleavage is due to the ability of ADAM10 to become activated in response to stimuli such as ionomycin, APMA and MCD. A recent report indicated that ADAM10, but not ADAM17, can directly bind to calmodulin [17] . It was proposed that calcium influx or calmodulin inhibitors trigger the dissociation of calmodulin from pro-ADAM10 and subsequent maturation to active ADAM10 which can cleave CD44. In the case of MCD, activation of ADAM10-and ADAM17-dependent ectodomain shedding events is believed to involve a reduction in cellular cholesterol levels [14] . Our findings support the notion that CD44 cleavage in response to calcium flux is mediated by ADAM10 and extend this to other stimuli and a role for exosomes. Further studies are warranted to determine whether ADAM10-calmodulin interactions, as well as modification of ADAM10 function, could possibly take place within endosomes/MVBs.
PMA did not augment exosome release. We have shown previously that PMA treatment predominantly activates ectodomain shedding events at the plasma membrane [13] . Indeed, cell-surface cleavage of L1 in OVMz cells was up-regulated by PMA and involved ADAM17 as shown by inhibitor analysis. There was less PMA-induced cleavage seen in SKOV3ip cells. It appears that in some cell types the constitutive cleavage is intact but PMA-inducible cleavage is impaired. Indeed, defective PMA-induced cleavage has been observed previously. For example, ADAM17 knockout cells display functional constitutive ectodomain shedding of APP but are defective in PMA-induced cleavage in comparison with wild-type cells [49, 50] . Meanwhile, cleavage-deficient CHO mutant cells (M2) display deficient PMA-induced cleavage of several transmembrane molecules [40, 51] . The differences in shedding events between alternative cell types require further investigation.
Our findings have identified two distinct pathways of cleavage for the transmembrane molecules L1 and CD44 that are depicted in the model shown in Figure 7 . The first involves ADAM17-mediated cleavage at the cell surface, leading to shedding of soluble forms into the extracellular space. The second pathway involves ADAM10-mediated cleavage in endosomes that are subsequently released from the cell as exosomes where further ADAM10-dependent cleavage can also occur. In summary, our results underline the important role of ADAM10 and exosomes in the constitutive and stimulus-induced ectodomain shedding of L1 and CD44 from carcinoma cells. We propose that this release via exosomes is a novel pathway for ectodomain shedding of L1 and CD44 and indeed may be applicable to other established ADAM10 substrates. Cleavage of L1 can be triggered by PMA and proceeds predominantly at the cell surface, leading to a rapid increase of soluble L1 in the extracellular space. This cleavage is mediated by ADAM17. A second pathway of cleavage is initiated in endosomes/MVBs and is triggered by calcium influx. This causes enhanced cleavage and release of L1 in the form of exosomes. After exosome release from the cell, further cleavage can also occur. Enhanced cleavage and release are also seen in response to MCD and APMA (not shown). Cleavage in exosomes is predominantly mediated by ADAM10. ER, endoplasmic reticulum, TGN, trans-Golgi network.
